Abstract: Service restoration of a distribution system is investigated by using artificial intelligence. The purpose is to reach a proper restoration plan for the unfaulted zone after a fault has been identified and isolated. To reduce outage period and improve service reliability, the restoration plan must be devised in a very short period. In the paper, two approaches using artificial intelligence, i.e. the artificial neural network (ANN) approach and the pattern recognition method, are developed to determine the restoration plan in a very eficient manner. The effectiveness of the proposed approaches is demonstrated by the restoration of electricity service following a fault in a distribution system in Taipei, Taiwan. It is concluded from the example that a proper restoration plan can be reached very efficiently using the proposed approaches. Therefore, it can be used by distribution system operators to reach a restoration plan.
Introduction
Fault location identification [l-41 and service restoration [5-131 are important functions in the operation of a distribution system. After a fault event takes place, the interruption duration and the number of customers affected depend heavily on the effectiveness of the fault location identification algorithm and service restoration algorithm. Service reliability can be enhanced if the fault location is identified accurately and efficiently and a proper service restoration plan is reached in a short period after the fault has been isolated. How to devise a proper service restoration plan in an efficient manner is of major concern in this paper.
Since there are a great number of feeders, laterals, and switches in a typical distribution system, it may take a long time to determine the set of switches which must be operated in order to restore the electricity service in the out-of-service area if one tries to use one of the optimisation techniques. Past experience and heuristic rules have been widely employed by the operators at many utilities including Taiwan Power Company (TPC) in order to reach a suboptimal solution in a short period. Rule-based expert systems and heuristic-based computer programs have been developed [5-131 to incorporate the human experts' experience into the computer codes of service restoration.
In recent work completed by the authors [SI, a heuristic-based computer program has been developed to reach a restoration plan for the distribution system of TPC. It is concluded from the results in Reference 5 that a restoration plan which is able to restore as much load as possible by operating a minimal number of switches can be derived in an efficient manner. In a typical run, it takes about 2 minutes to execute the program in order to obtain the restoration plan.
The above-mentioned rule-based expert systems or heuristic-based codes are widely used techniques in artificial intelligence (AI), and have demonstrated many successful applications in the area of power systems. With the rapid developments in the field of artificial intelligence in recent years, a great number of new techniques have been reported. Among them, artificial neural networks (ANN) [14-181 and pattern recognition methods [19-231 have received considerable attention from power engineers. The purpose of this work is to examine the feasibility of applying ANN and the pattern recognition method to reach a proper restoration plan.
To demonstrate the effectiveness of the proposed ANN approach and pattern recognition method, service restoration following a fault on a distribution system within the service area of Taipei City District Office of Taiwan Power Company is investigated. It is concluded from the test results that a proper restoration plan can be reached by the proposed ANN approach and pattern recognition method in a very short period. In fact, the required CPU time is much shorter than that required by the heuristic approach of Reference 5.
Problem formulation
Consider a typical underground distribution system in Taipei as shown in Fig. 1 . Note that there is a normally
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closed switch for each incoming and outgoing line at each branching point as shown at branching point 7 of Fig. 1 . The switches for other branching points are not shown in Fig. 1 due to limited space.
soon as possible. In other words, how can a limited number of troubleshooters be dispatched to the proper locations to operate switches such that the electricity service can be restored by the supporting feeder (SU73) It is observed that feeder SM64 is connected with a supporting feeder SU73 through a normally open feeder tie switch SW9 which is a load break switch (LBS). The supporting feeder SU73 can be employed to supply power to feeder SM64 in case of an outage event on SM64 as long as it has enough spare capacity. In addition, each of the eight laterals (LATl-LATI) is connected with a supporting lateral which can also be used to restore the load of a lateral. Of course, there may exist some laterals (LAT9, LATIO, LATll and LATl2) without supporting laterals. It is noted that we have to operate one switch (the feeder tie switch) in order to restore electricity service by using the supporting feeder. On the other hand, we need to operate two switches if we want to restore the electricity service on a lateral from its supporting lateral. For example, after the fault at point A on feeder SM64 has been isolated, the electricity service to customers on the twelve laterals LAT1-LAT12 is interrupted. To restore the electricity service to the twelve laterals, the operators can use the supporting feeder SU73 by closing the feeder tie switch SW9. If the supporting feeder does not have enough spare capacity to supply power to the twelve laterals LAT1-LAT12, the operators must select some additional supporting laterals to help restore electricity service. For example, we need to open the switch SWlO at branching point 7 and close switch SW1 (LBS) if we want to restore the electricity service on lateral LATl by using its supporting lateral LAT13. To avoid undesirable transient outage, we need to close switch SWl before opening switch SW10. Since the opening of switch SWlO and the closing of switch SW1 must be conducted at the same time, the two switches are referred to as the switch pair related to service restoration of lateral LATl. It is obvious that we need to operate a pair of switches when we try to restore the electricity service on a lateral by using its supporting lateral.
Since feeder automation projects at TPC are still under way, the switches must be operated manually. Therefore, the operator faces the problem of how to restore the electricity service to the twelve laterals as 252 and the supporting laterals LAT13, LAT14, LAT15, LAT16, LAT17, LATH, LAT19 and LATZO?
It is obvious that there are numerous solutions to the problem. Among these, a feasible restoration plan which meets all the six requirements described below [5] must be selected.
(1) The restoration plan must be reached in a very short time.
(2) Restore as much load as possible within the out-ofservice area.
(3) The required number of switching operations in the restoration plan should be minimal. This is due to reasons related to limited troubleshooters and life expectancy of switches [SI.
(4) Only the switches which are close to the out-ofservice area may be operated.
(5) Radial system structure must be retained. (6) No feeders or laterals are overloaded. Therefore, only those supporting laterals with enough spare capacities can be employed to restore the loads of their corresponding laterals.
In Reference 5, a heuristic search algorithm was developed to devise a proper restoration plan based on the operators' heuristic rules. Test results indicated that proper restoration plans could be reached by the heuristic search method in a short time. In fact, the required CPU time on a personal computer was about 2 minutes.
In the present work, new approaches based on artificial neural network and pattern recognition method are developed to reach the restoration plan. In general, an artificial neural network is made up of neurons connected together via links. A special feature of an ANN is its capability to solve a complicated problem very efficiently because the knowledge about the problem is distributed in the neurons and the connection weights of links between neurons and information are processed in parallel. Therefore, it is expected that the ANN approach will yield the desired restoration plan in a more efficient manner than the heuristic search approach in Reference 5.
The artificial neural network employed in this work is a multilayer feedforward neural network [14, 151 as shown in Fig. 2 The nodes in the input layer receive input signals from the outside world and directly pass the signals to the nodes in the next layer. In this paper, the loads of the laterals within the out-of-service area and the spare capacity of the supporting feeder are taken as the inputs to the ANN. Details on ANN inputs will be provided at the end of this section.
The nodes in the output layer provide us with the on/off states of the feeder tie switch and lateral tie switches. These switch states indicate the set of switches that must be operated in the restoration plan as these switches are open in normal operation. A closed state for a feeder tie switch indicates that we need to restore the electricity service using the supporting feeder by closing the feeder tie switch. On the other hand, a closed state for a lateral tie switch reveals that the lateral must be supplied power from its supporting lateral. Take the distribution system in Fig. 1 as an example; we must close tie switch SW1 and open switch SWlO if the output state for the lateral tie switch SWl is closed. In other words, lateral LATl is now restored by its supporting lateral LAT13. In this way, the final restoration plan is described by the on-off states of the feeder tie switch SW9 and lateral tie switches SWl, SW2, SW3, SW4, SW5, SW6, SW7 and SW8. These on-off states of tie switches are generated by the nodes in the output layer of the ANN. Details on ANN outputs will be given at the end of this section.
In addition to the input layer and the output layer, we need one or more hidden layers in between. The nodes in the hidden layer take signals from the input layer and send their outputs to the nodes in the next layer when computations within the nodes have been completed. The connection weights K j between neurons are determined using a set of training patterns. A generalised delta rule [14] is employed to update the connection weights. Details on the determination of connection weights can be found in Reference 14.
Details on the inputs and outputs of the ANN are described as follows.
1. The laterals within the out-of-service area are divided into three groups.
Group A : the laterals that can be completely restoGroup B : the laterals that cannot be completely resGroup C: the laterals which are not connected with
The laterals in group C are excluded from the inputs and outputs of the ANN since these laterals are not equipped with supporting laterals and can only be restored by the supporting feeder. 2. Assume that there are M group A laterals and (N-M-1) group B laterals in the out-of-service area for a particular training pattern. The lateral loadings and supporting feeder capacity margin can be described by the vector (1) where I,, .. ., I , = loads for group A laterals, IY+,, . . ., IN-, = loads for group B laterals, and I, = the capacity margin of the supporting feeder minus the sum of the loads for group C laterals.
Since the loads for group B laterals can only be restored by the supporting feeder, it is more appropriate to update the vector L to the new vector L: as follows. 5. In the testing phase, the outputs of the ANN will be real numbers ranging from 0 to 1. Since these outputs must provide information on the states of the lateral tie switches and feeder tie switch and there are only two possible states (ON/OFF) for each switch, it is necessary to convert these real outputs to binary outputs. In the present work, an iterative procedure as described below is developed to do the job.
Step 1. Set an initial value for the threshold p. A value of po = 0.7 is chosen.
Step 2. If an output is greater than or equal to p, set the output to be 1, which means that the corresponding switch must be closed. Otherwise, set the output to be 0 and keep the corresponding switch open.
Step 3. Check if any feeder or lateral is overloaded. If the answer is yes, decrease the value of p and go back to
Step 2. Otherwise, stop and print out results.
It is noted that the required number of switching operations will be increased if we decrease the threshold p. This is an undesirable situation as mentioned in Section 2. Therefore, we prefer to use a high threshold unless a feeder or lateral is overloaded due to insufficient number of switching operations.
The pattern recognition approach
In this section, we try to apply the pattern recognition approach [19-231 to reach a proper restoration plan. The pattern recognition approach involves three major steps.
Step I . Create training patterns.
Step 2. Store the training patterns in the database.
Step 3. Retrieve the patterns in the database which are similar to the pattern under study.
Details of the three steps are described as follows.
Create training patterns
A training pattern can be described as follows: training pattern = (fault location, load, restoration plan) (6)
Store the training patterns in the database
Take the distribution feeder SM64 in Fig. 1 (7) where section = fault location 4.3 Retrieve the patterns in the database which are similar to the pattern under study After the database has been built, we proceed to determine a proper restoration plan for a given pattern.
Example
To demonstrate the effectiveness of the proposed ANN approach, service restoration on a distribution system within the service area of Taipei City District Ofice of Taiwan Power Company is investigated.
As shown in Fig. 1 , the fault at point A is isolated by tripping circuit breaker CB1 and opening the switch at branching point 7.
It is observed from Fig. 1 that there ae 12 laterals to be restored electricity service. Among these, the eight laterals LAT1-LATB are connected with their supporting laterals through lateral tie switches. The feeder names for these supporting laterals are shown in Fig. 1 .
In the training process, a total of 240 training patterns covering a wide range of lateral loadings and capacity margins of supporting feeders and laterals are compiled. As for the structure of the ANN, two hidden layers with 21 hidden units at each layer are used. In the training of the ANN, the learning rate q and momentum constant ci are fixed at 1.0 and 0.5, respectively. In the experiment, we tried to use an ANN with a single hidden layer, but we were unable to obtain satisfactory results even when the number of neurons was increased to 42.
In the training process, the connection weights are updated each time a training pattern is presented. After the 240 patterns in the training set have all been presented once, one iteration of training is completed. At this time, the root mean squared error (RMSE) of the present iteration is computed as follows:
where O i , j and Oi,jac,un, are the ANN output and the actual value of thejth neuron for the ith training pattern. After the RMSE for the present iteration is determined, the 240 patterns are again presented in the next iteration. The process is repeated until the RMSE for an iteration is less than a specified value. In the present example, the error is acceptable after 300 iterations.
After the ANN has been trained using the set of 240 training patterns in the training set, it can be employed to generate a proper restoration plan for a given operating condition. To see how the ANN works in the test cases, results from a typical example are presented. The load currents on the feeder to be restored (SM64) and the supporting feeder (SU73) are listed in Table 1 while the capacity margins of the supporting laterals are listed in Table 2 . In the present case, the seven laterals LATl-LAT7 are group A laterals since their corresponding supporting laterals are able to restore completely the loads on these laterals. As for the other laterals, lateral LATB is a group B lateral while laterals LAT9-LAT12 are group ration plans which are close to that achieved by the heuristic search method. However, the ANN approach and the pattern recognition method are faster than the heuristic search method. both the heuristic search ANN approach and the pattern recognition approach are described. The effectiveness of the proposed approaches is demonstrated by service restoration of an underground distribution system within the service area of Taipei City District Office of Taiwan Power Company. It is concluded from the results that proper restoration plan can be reached by the proposed ANN approach and pattern recognition method in a very efficient manner. Just as the heuristic search method of Reference 5, the ANN approach gives a single restoration plan. On the other hand, the pattern recognition approach yields several restoration plans in the order of increasing number of switching operations.
The training phase of the ANN approach and pattern recognition method requires some time. In addition, the training of the neural networks must be repeated, and the database for the pattern recognition method must be updated any time there is a change in system configuration. Fortunately, neural network training and database updating are usually carried out offiine, therefore time is not a crucial factor at the training stage. After the ANN has been trained and the training patterns have been stored in the pattern recognition method, it requires only a very short period to obtain the desired restoration plan using the two approaches since only simple calculations are involved in reaching the solutions.
In the underground distribution system of Taipei, any feeder is connected with a supporting feeder via a normally open tie switch. The two feeders constitute a feeder pair which can be regarded as a unit. We need a separate ANN for each distribution feeder. As for the pattern recognition approach, a separate database is created for each distribution feeder. Therefore, the efficiency of the two approaches is independent of the size of the distribution system. In a distribution system with three-terminal or four-terminal feeders, an ANN must be established for the group of feeders which are connected together. In this case, the size of the ANN or the database in the pattern recognition method will be somewhat larger than that of the ANN or the database used in this current work.
Up to now, substation automation has been completed for all substations in the metropolitan area of Taipei. All substations in Taiwan will be automated in five years. The switches in an automated substation can be operated in a remote control mode by the operators at the distribution dispatch and control centre. Meanwhile, a feeder automation project has been initiated by Taiwan Power Company at three district offices and is expected to be completed in the near future. By the time the feeder automation project is completed, the switches on feeders will also be operated by remote control by the operators at the distribution dispatch and control centre. Therefore, for a distribution system with automated substations and feeders, the operators can change the on/off statues of the switches in a very short time. In this case, a decision period of two minutes seems to be a long time for the operators to wait before they or the computer can take actions to restore the electricity supply. Employment of the ANN method and the pattern recognition approach as an effort to reduce this computational time.
In the example, the load pattern used as the test pattern does not belong to the training set for the ANN method and the pattern recognition approach. It is observed from the results in Table 3 , Table 4 and Table 5 that both the ANN and the pattern recognition method can still yield proper restoration plans which are close to that achieved by the heuristic search method. It seems that the ANN is capable of generating solutions for new
